Under the gene-for-gene model of host-pathogen coevolution, recognition of pathogen avirulence factors by host resistance factors triggers host defenses and limits infection. Theory predicts that the evolution of higher levels of pathogenicity will be associated with fitness penalties and that the cost of higher pathogenicity must be much smaller than that of not infecting the host. The analysis of pathogenicity costs is of academic and applied relevance, as these are determinants for the success of resistance genes bred into crops for disease control. However, most previous attempts of addressing this issue in plant pathogens yielded conflicting and inconclusive results. We have analyzed the costs of pathogenicity in pepper-infecting tobamoviruses defined by their ability to infect pepper plants with different alleles at the resistance locus L. We provide conclusive evidence of pathogenicity-associated costs by comparison of pathotype frequency with the fraction of the crop carrying the various resistance alleles, by timescaled phylogenies, and by temporal analyses of population dynamics and selection pressures using nucleotide sequences. In addition, experimental estimates of relative fitness under controlled conditions also provided evidence of high pathogenicity costs. These high pathogenicity costs may reflect intrinsic properties of plant virus genomes and should be considered in future models of host-parasite coevolution.
Introduction
Pathogenicity has been defined as the ability of a parasite to infect and cause disease in a particular host (D'Arcy et al. 2001) . In theoretical analyses of host-pathogen coevolution, pathogenicity is often referred to as infectivity (Gandon et al. 2002; Brown 2007, 2009 ) even if strictly speaking host infection does not always result in disease. Changes in pathogenicity may compromise the success of control strategies against infectious diseases of humans, domestic animals, and plants. Therefore, understanding the evolution of this trait is a major goal of pathology and evolutionary biology. For plant parasite systems, much effort has been devoted to understand the evolution of pathogenicity, as it determines the success and durability of resistance factors bred into cultivars for the control of crop diseases. This is a highly efficient, target-specific, and environmental-friendly control strategy whose advantages are countered by the ability of pathogens to evolve and overcome the protection conferred by resistance factors (Khetarpal et al. 1998; Kang et al. 2005; Maule et al. 2007 ). The pathogenicity of plant parasites can be explained often within the frame of the gene-for-gene (GFG) model, first proposed for the flax-flax rust system (Flor 1955) . Plant proteins encoded by resistance genes (R) enable recognition of corresponding proteins of the parasite, encoded by avirulence genes (AVR), which triggers a defense response leading to limitation of parasite spread to the infection site (Dangl and Jones 2001; Jones and Dangl 2006; McDowell and Simon 2006) . Conversely, if the host has a susceptibility allele (r) or the parasite has a pathogenicity allele (avr), the parasite is not recognized, defenses are not triggered, and the host is infected. A consequence of this model is that pathogens may evolve ''universal virulence,' ' that is, the capacity to infect and cause disease in all host genotypes (Agrawal and Lively 2002) .
Much of the theory on host-parasite coevolution is based on GFG systems in plants. Various mathematical models have been proposed for explaining host-parasite coevolution of GFG systems (Leonard and Czochor 1980; Frank 1994 Frank , 2000 Sasaki 2000; Bergelson et al. 2001; Agrawal and Lively 2002; Thrall and Burdon 2002; Salathe et al. 2005; Segarra 2005 ; Pietravalle et al. 2006 ). These models are based on indirect frequency-dependent selection, with host allele frequencies determining those of the pathogen and vice versa and require that both R and avr alleles have constitutive fitness penalties for the host and the pathogen, respectively, for stable long-term polymorphisms at these loci (i.e., equilibria) to occur. Brown (2007, 2009) have shown that costs of resistance and pathogenicity are necessary but not sufficient for equilibria and that the cost of pathogenicity for the parasite must be much smaller than the cost of not infecting a resistant plant, assumed to be about 1 in a GFG system. Interestingly, analytical solution of the models proposed under different scenarios by Tellier and Brown (2007) require that fitness costs of both resistance and pathogenicity are small. Because of these predictions, important efforts have been devoted to estimate fitness costs of resistance and pathogenicity.
Information on the molecular evolution of AVR genes in plant viruses is scarce. At odds with cellular plant pathogens, the small genomes of viruses, which encode for few multifunctional proteins, would not allow for a large array of mechanisms (point mutations, recombination, large deletions even of AVR itself) resulting in avr, so that it can be hypothesized that these changes would have a fitness penalty (Sacristán and García-Arenal 2008; Fraile and García-Arenal 2010) . Attempts to estimate pathogenicity costs in plant parasites have followed two approaches: either to analyze the dynamics of avr genes in field populations of parasites or to estimate the relative fitnesses of genotypes with avr or AVR alleles in experiments under controlled conditions. Both approaches have yielded mostly inconclusive results, often in conflict for different hostpathogen systems (Sacristán and García-Arenal 2008) . Recently developed bioinformatic tools, together with more classic approaches, may help to clarify this issue.
Here, we test the hypotheses that pathogenicity of viruses on resistant host genotypes results from diversifying selection at AVR/avr genes and is associated with fitness costs. For this, we have used both experimental and bioinformatic approaches, focusing on viruses of the Tobamovirus genus that infect pepper (Capsicum annuum L.) genotypes carrying different resistance alleles at the L locus. Plant viruses in the genus Tobamovirus have a singlestranded, monopartite RNA genome encapsidated into rod-shaped particles and are transmitted in nature through plant-to-plant contact or, vertically, through the seed. Most aspects of the biology of tobamoviruses have been analyzed in much detail through the study of the type species, Tobacco mosaic virus (Scholthof 2004) . Different tobamovirus species are important pathogens of pepper crops and are controlled through breeding of resistance encoded by four described alleles at the L locus, acting under a GFG interaction (Boukema 1980 (Boukema , 1984 . The different tobamovirus species and genotypes infecting pepper can be classified into different pathotypes according to their pathogenicity in plant genotypes carrying the various L alleles (Rast 1988; Genda et al. 2007; Antignus et al. 2008) . Plants homozygous for allele L þ are susceptible to all described pathotypes (i.e., they are rr under the GFG model), plants with a L 1 L 1 genotype are resistant to pathotype P 0 but are susceptible to pathotypes P 1 , P 1,2 , P 1,2,3 , and P 1,2,3,4 ; L 2 L 2 plants are resistant to pathotypes P 0 and P 1 and are susceptible to pathotypes P 1,2, P 1,2,3 , and P 1,2,3,4 and so on (table 1). Pathotype P 1,2,3,4 is pathogenic on all resistance alleles, that is, has universal pathogenicity, according to the GFG model (see pathotype P 1,2,3,4 in table 1). The L-gene mediated resistance is expressed as a hypersensitive response (HR), which is temperature sensitive, that is, resistance is not expressed at high temperatures and is incompletely dominant (Boukema 1980 (Boukema , 1984 . The virus gene product that elicits L-gene mediated resistance, that is, the corresponding AVR factor, has been shown to be the coat protein (CP) for all L alleles (Berzal-Herranz et al. 1995; Cruz et al. 1997; Gilardi et al. 2004; Matsumoto et al. 2008) .
We have monitored the pathotype composition of the tobamovirus populations infecting pepper crops grown in plastic greenhouses in southeastern Spain for 21 years. Sequence analyses did not provide evidence for diversifying selection. On the other hand, results provide sound evidence of pathogenicity costs. Interestingly, costs were very high, which is at odds with the small fitness costs reported for cellular plant pathogens (Sacristán and García-Arenal 2008) and may be explained by limitations to genetic variation in the small genomes of RNA viruses.
Materials and Methods

Monitoring the Pathotype Composition of Populations of Pepper-Infecting Tobamoviruses
Field surveys were carried out in pepper crops grown in plastic greenhouses in the province of Almería, SE Spain, whenever epidemic outbreaks of tobamoviruses occurred between 1984 and 2004. Symptomatic plants were randomly sampled in different, randomly chosen, greenhouses. The number of greenhouses sampled each year varied from a maximum of 8-10 between 1984 and 1997 till 3 in 2000-2004 , when the generalization of L 4 /À pepper cultivars resulted in a reduction of the incidence of tobamoviruses to marginal outbreaks. Tobamovirus isolates were obtained from three to five plants per greenhouse. Sap from fieldinfected plants was used to inoculate leaves of Nicotiana glutinosa, which carry the N gene conferring HR to Solanaceae-infecting tobamovirus species (Holmes 1937) . The expression of HR in the form of necrotic local lesions (nll) in N. glutinosa leaves was taken as diagnostic of tobamovirus infection in the original pepper plant, and the corresponding virus isolate was biologically cloned through two steps of nll passage. In addition, 11 isolates generously provided by Dr José R. Díaz-Ruiz, CIB, CSIC, Madrid, were also analyzed. Cloned virus isolates were multiplied in the systemic host N. clevelandii, and virions were purified according to Bruening et al. (1976) . Virus isolation, cloning, and multiplication were carried out in a greenhouse, at 20-25°C and a 16 h light regime. Purified viruses were used to inoculate leaves of the Capsicum cultivars and accessions 
Biological Assays and Estimation of Virus Multiplication in Infected Plants
The multiplication of the various tobamovirus isolates was analyzed in pepper cv Doux des Landes, which is homozygous for the susceptibility allele L þ . Plants were inoculated at the two first true leaves with 0.2 lg of freshly purified virus particles in 0.1 M phosphate buffer at pH 7.2. Plants were kept at a greenhouse (20-25°C, 16 h light). Under these conditions, plants were systemically infected by 7 days postinoculation (dpi), and at 10 dpi systemically infected leaves were harvested for RNA extraction. Total RNA from leaves of infected and mock-inoculated plants was extracted as in Moriones et al. (1992) , and virus multiplication was estimated as viral RNA accumulation per gram fresh weight of leaf. Viral RNA quantification was done by dot-blot hybridization with 32 P-labeled oligonucleotide probes specific for the three different pathotypes. In each blot, internal standards for the different pathotypes were included as a 2-fold dilution series of purified RNA (0.5-0.001 lg) in nucleic acid extracts from noninoculated pepper plants. Mock-inoculated samples were included as negative controls. RNA extracts from infected plants were blotted at different dilutions to ensure that hybridization signal was on the linear portion of the RNA concentrationhybridization signal curve. The RNA probes for the different pathotypes were: for P 0 , 5#ACTAGTGGACTTGTCT3#, complementary to nt 6107-6122 of Tobacco mild green mosaic virus (TMGMV) (GenBank accession number M34077); for P 1,2 , 5#GCGAGTGGACTCACCT3#, complementary to nt 6126-6141 of Pepper mild mottle virus (PMMoV) (GenBank accession number AB000709); and for P 1,2,3 , 5#GTGAGTGGACTTACGT3#, complementary to nt 640-655 of PMMoV (GenBank accession number AJ429089). Hybridizations were done at different temperatures depending on the probe: 44°C for the P 0 and P 1,2,3 probes and 55°C for the P 1,2 probe and kept overnight in 6x SSC, 5x Denhardt's mixture, 0.1% sodium dodecyl sulfate (SDS), and yeast tRNA at 50 lg/ml (Sambrook and Russell 2001). RNA hybridization signal was detected using a Typhoon 9400 scanner (GE Healthcare, Chalfont St. Giles, UK) after exposure of the Eu þ2 store phosphor screens to the labeled samples; and quantification was done with ImageQuant 5.2 (Molecular Dynamics, GE Healthcare). As loading controls, parallel membranes were hybridized with a cDNA probe approximately 800 nucleotides long, complementary to barley 18S rRNA (Gerlach and Bedbrook 1979) , which showed no significant difference in the rRNA amount among extracts from equal fresh weights of leaves, among infected or noninoculated plants.
Nucleotide Sequence Determination and Analyses
The genomic RNA of purified virus isolates was extracted after virion disassembly in 10% SDS at 65°C (Bruening et al. 1976) . The nucleotide sequence of two genomic regions located in the RdRp and the CP genes was determined in reverse transcriptase-polymerase chain reaction amplicons obtained using the following sets of primers: TobPimRepF (5#CAYTGYTGYATGGCYAAYMTGGAC3#) identical to nt 439-463 of TMGMV M34077 and to nt 438-462 of PMMoV AB000709 and TobPimRepR (5#TATGTNCK-RATRTGRTTAAGCAC3#) complementary to nt 1274-1296 of TMGMV M34077 and to nt 1276-1298 of PMMoV AB000709 were used to amplify the fragment of the RdRp gene of all viruses; TMGMVuRNA3 (5#ARTAAA-TAAYAGTGGTAAGAAGGG3#) identical to nt 5562-5590 of TMGMV M34077 and CGM3 (5#TGGGCCSCWACCSGSGG3#) complementary to the 3# end of the genomic RNA of all sequenced tobamoviruses were used to amplify TMGMV CP gene, and PMMoVRNA3 (5#GGGTTTGAATAAGGAAGGGAAGC3#) identical to nt 5598-5618 of PMMoV and CGM3 were used to amplify the CP gene of PMMoV. Sequences were aligned using ClustalX and analyzed using MEGA 3.1 (Kumar et al. 2004; Larkin et al. 2007) .
Nucleotide sequences determined in this work are available from EMBL data bank under accession numbers FN594776-FN594817, FN594853-FN594859, FN594862-FN594867, FN594869-FN594886, and FR671369-FR671402.
Analysis of Selection Pressures
Selection pressures were quantified as the mean number of nonsynonymous (dN) to synonymous (dS) nucleotide substitutions per site (dN/dS ratio). To do so, three codonbased methods were used: single likelihood ancestor counting (SLAC), fixed effects likelihood, and random effects likelihood, implemented in the HYPHY package (Kosakovsky Pond et al. 2005) . In all cases, dN/dS ratio estimates were based on background neighbor-joining trees inferred under the general time reversible (GTR) substitution model, with 95% confidence intervals (CIs) calculated assuming a v 2 distribution. All the methods yielded similar results. Hence, for simplicity, only values obtained using the SLAC method are shown in the text. In addition, potential positively selected nucleotide positions were determined by mapping variant sites between P 1,2 and P 1,2,3 sequences.
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Temporal variation of dN/dS was assessed using branch models implemented in the PAML package (Yang 2007) . Essentially, these models allow variation of dN/dS ratio across the branches of a maximum likelihood (ML) tree by using different parameters for different branches, without averaging these estimates throughout the phylogenetic tree. We therefore defined a model with two classes of dN/dS ratios, such that branches were divided into two groups-internal and external (tips)-and a separate dN/dS ratio was estimated for each group.
Strength of Temporal Signal and Timescale Phylogenetic Analysis
The robustness of the temporal signal was assessed in the RdRp fragment, the full-length CP and a concatenation of both, for each tobamovirus pathotype individually. ML phylogenies were first estimated with PAUP* (Swofford 2003) using tree bisection reconnection branch-swapping and the best-fit nucleotide substitution model as determined by Modeltest 3.7 (Posada and Crandall 1998) . Clock-like behavior of the data was then assessed by regressing root-to-tip distance in the ML tree against the date of sampling of each sequence using the Path-O-Gen program (Rambaut 2009 ). This analysis effectively provides a measure of the amount of variation in genetic distances explained by sampling time.
The relevant taxonomical unit for the analysis of the costs of pathogenicity is the virus pathotype. However, the limited number of sequences obtained from P 1,2,3 isolates prevented the use of this pathotype in our analysis. Instead, resistant-breaking pathotypes (P 1,2 and P 1,2,3 , all of them PMMoV isolates) were grouped and analyzed together.
For each data set, rates of nucleotide substitution per site and the time to the most recent common ancestor (TMRCA) were estimated using the Bayesian Markov Chain Monte Carlo method available in the BEAST package v 1.5.3 (Drummond and Rambaut 2007) . All data sets were run for 200 million generations (which provided stationary estimates), with sampling every 10,000 generations, using the general time reversible substitution model with invariant sites and a gamma distribution of among-site rate variation (GTR þ I þ C 4 ), with three partitions into individual codon positions and a relaxed (uncorrelated lognormal) molecular clock. Demographic parameters were estimated utilizing a Bayesian skyline model. Relative genetic diversity in the virus populations was estimated as N e s, where N e is the effective number of infections and s is the generation length in years. Under a model of neutral evolution, this is equivalent to the effective population size. Statistical uncertainty is reflected in values of 95% highest probability density (95% HPD). Analyses were undertaken for the two tobamovirus species together and for each individually. Because no major differences were found between sequence data sets, for simplicity, only the results obtained using the concatenated sequences of the RdRp and the CP are presented here.
Statistical Analyses
Differences in pathotype frequency along the studied period were analyzed by Chi-Squared tests. Significant variation in each pathotype frequency between pairs of sampling points and between the three pathotypes within each sampling point were analyzed by Fisher Exact test, with Yate's correction for small sample sizes. Data on virus accumulation were normally distributed but showed heterogeneity of variances among isolates, although not among pathotypes. Therefore, differences in viral accumulation according to pathotype or isolate were analyzed using analysis of variance (ANOVA) as well as by KruskalWallis tests. Because ANOVA comparisons of these data led to similar results and conclusions than Kruskal-Wallis tests, for simplicity, only ANOVA analyses are shown. Differences in viral accumulation according to tobamovirus pathotype (P 0 , P 1,2 , and P 1,2,3 ) or to type of infection (single and mixed) were analyzed by two-way ANOVA in a complete model, considering pathotype and type of infection as random effects. Differences between types of infection, class of infection, and between isolates within each pathotype, and between pathotypes in single infection were analyzed by one-way ANOVA. In addition, similar analyses were carried out using a nested-ANOVA, considering type of infection, class of infection, and isolate as nested to pathotype. Because one-way ANOVA comparisons of these data led to similar results and conclusions than nested-AN-OVA tests, for simplicity, only one-way ANOVA analyses are shown. To determine whether values of analyzed traits were significantly different among classes within each factor, Bonferroni analyses were employed in all cases (Sokal and Rolf 1995) , with similar results. All statistical analyses were performed using the statistical software package SPSS 13.0 (SPSS Inc., Chicago, IL).
Results
Characterization of Tobamovirus Isolates from Epidemic Outbreaks in Pepper Crops
Tobamovirus isolates were obtained from symptomatic plants sampled during epidemic outbreaks in pepper crops in SE Spain between 1984 and 2004. One hundred and eighty-seven single-lesion-cloned isolates were characterized for their pathotype, according to the compatible (i.e., systemic infection) or incompatible (hypersensitive resistance) reaction shown upon inoculation of leaves of Capsicum spp. plants homozygous for the different alleles at the L locus (table 1). All isolates belonged to either pathotypes P 0 , P 1,2 , or P 1,2,3 ; isolates belonging to pathotypes P 1 or to the recently reported pathotype P 1,2,3,4 were not detected. The most frequent pathotype in the population was P 1,2 (71%, 133 isolates), followed by P 0 isolates (18%, 34 isolates) and P 1,2,3 isolates (11%, 20 isolates).
The nucleotide sequence of the CP gene (480 nt), plus that of a 766 nt fragment of the RNA-dependent RNA Fraile et al. · doi:10.1093/molbev/msq327 MBE polymerase (RdRp) gene, was determined for 16 isolates of the P 0 pathotype, 23 of the P 1,2 pathotype, and 9 of the P 1,2,3 , randomly chosen among the previously pathotype-characterized isolates. Comparison with database sequences of tobamovirus species indicated that all P 0 isolates belonged to the species TMGMV, whereas all P 1,2 and P 1,2,3 isolates belonged to PMMoV.
Sequence determinants for overcoming L 3 resistance, that is, for determining the P 1,2 or P 1,2,3 pathotype, have been described in the CP of PMMoV (Berzal-Herranz et al. 1995; Tsuda et al. 1998; Hamada et al. 2002 Hamada et al. , 2007 . Derived amino acid sequences for the CP of P 1,2 and P 1,2,3 isolates indicated than none of the 23 P 1,2 isolates had the described determinants for L 3 resistance breaking, whereas all 9 P 1,2,3 isolates had the M138N substitution reported as a P 1,2,3 determinant in an Italian P 1,2,3 isolate of PMMoV (Berzal-Herranz et al. 1995) . All P 1,2,3 isolates presented in addition the substitutions S5T and A147V relative to P 1,2 isolates. No other amino acid changes correlated with the P 1,2,3 pathotype, and no isolate presented amino acid substitutions described as determinants for P 1,2,3 pathotype in Japanese isolates of PMMoV, that is, the T43K þ D50G or the L13F þ G66V joint substitutions (Tsuda et al. 1998; Hamada et al. 2002 Hamada et al. , 2007 .
Selection Pressures on the Tobamovirus Population Infecting Pepper Crops in SE Spain
To investigate whether the CP gene of pepper-infecting tobamoviruses is subject to positive selection, we estimated dN/dS ratios across our CP data set. As an internal control, the same analyses were performed on the sequenced RdRp fragment, as this gene is unrelated to overcoming L-determined resistance. dN/dS ratios revealed that both genomic regions were under strong negative selection in the three pathotypes (i.e., dN/dS , 1), but significant differences were found between genes and pathotypes. Specifically, the dN/dS ratio for the RdRp was significantly lower for P 1,2 (mean 5 0.044; CI 5 0.014-0.103) than for the other two pathotypes (mean of 0.240 and 0.253; CIs of 0.159-0.345 and 0.091-0.543, for P 0 and P 1,2,3 , respectively). dN/dS ratios for the CP also differed between pathotypes, being higher for P 0 (mean 5 0.165; CI 5 0.089-0.278) than for P 1,2 (mean 5 0.022; CI 5 0.001-0.101), which was much higher than for P 1,2,3 (mean 5 2.0 Â 10 À14 ; CI 5 0-0.009). Hence, for pathotypes P 0 and P 1,2 , dN/dS ratios were similar for the RdRp and the CP, whereas for pathotype P 1,2,3 , negative selection was stronger in the CP than in the RdRp. Importantly, low levels of nucleotide diversity at synonymous sites were observed in all pathotypes (dS 5 0.063-0.276, depending on the gene-pathotype combination). No amino acid position was found to be under positive selection either in the CP or in the RdRp in any pathotype. Twenty nucleotides at synonymous positions were found to vary between the CP of P 1,2 and P 1,2,3 . Hence, only a small fraction of the nucleotide sites are under positive selection, and most of them do not affect the amino acid composition. Hence, our results do not support positive selection at the amino acid level acting on the AVR/avr gene.
For the analysis of the temporal variation of dN/dS in the CP gene of each pathotype, the branches of each tree were divided in two classes: external (tips) and internal branches. dN/dS was then estimated for both categories. This analysis indicated that dN/dS was significantly higher among the external compared with the internal branches for both P 0 (0.253 vs. 0.073, respectively) and P 1,2 (0.064 vs. 0.001) pathotypes. Comparable results were obtained using the RdRp data set. No reliable measures could be estimated for P 1,2,3 , due to the limited number of sequences available. This indicates that genetic diversity in the tobamovirus population can be partially attributed to the presence of transient deleterious nonsynonymous polymorphisms.
Timescaled Phylogenetic Analysis of the Tobamovirus Population Infecting Pepper Crops in SE Spain
The strength of temporal phylogenetic signal was determined for each virus species, TMGMV or PMMoV, using the concatenated RdRp and CP data set. Correlation coefficients (r) of root-to-tip distance against sampling dates were 0.96, 0.83, and 0.84 for pathotypes P 0 , P 1,2 , and P 1,2,3 , respectively ( fig. 1 ), revealing very strong temporal structure. Hence, the sequence data set clearly contains sufficient temporal structure for reliable estimations of both evolutionary rate and timing of these viruses. Moreover, these strong correlations indicate that all pathotypes of pepper-infecting tobamoviruses are characterized by rapid evolutionary dynamics.
The mean estimate of the nucleotide substitution rate in the pepper-infecting tobamoviruses was 3.8 Â 10 À4 substitutions per site per year (95% HPD 5 1.0 Â 10 À4 to 7.1 Â 10 À4 ). Similar results were obtained regardless of the sequence data set, RdRp, or CP separately. The limited number of P 1,2,3 sequences did not allow individual analyses for this pathotype. Instead, resistance-breaking pathotypes P 1,2 and P 1,2,3 , both belonging to PMMoV, were considered together for further analyses. No significant differences in nucleotide substitution rates were found between virus species (for detailed results, see supplementary table S1, Supplementary Material online). These estimates again indicate that the sampled virus population is evolving and supports the results of the temporal structure analysis.
The Maximum Clade Credibility tree, based on the concatenated sequences of the RdRp and the CP, showed two well-supported clusters corresponding to the two tobamovirus species (PMMoV and TMGMV), the sequences of PMMoV further clustering according to pathotype ( fig. 2) .Very similar trees were obtained when the RdRp and the CP sequences were analyzed independently. To determine the timescale of the evolutionary history of the sampled pepper-infecting tobamoviruses, we estimated the TMRCA. Notably, TMRCAs differed significantly between pathotypes: the 95% HPD for each node does not include the mean of the others or marginally does when Diversification and Pathogenicity Costs in Plant Viruses · doi:10.1093/molbev/msq327 MBE TMRCAs of P 0 and P 1,2 are compared, which is indicative that they come from different distribution. P 0 was the oldest (mean 5 93 years before present [ybp]; 95% HPD 5 189-67), followed by P 1,2 (mean 5 68 ybp; 95% HPD 5 82-55), and P 1,2,3 (mean 5 48 ybp; 95% HPD 5 56-24). However, the analysis also indicated that most of the coalescent events occurred in the recent past (within the last 30 years) and simultaneously in the different pathotypes ( fig. 3) . Congruent results were obtained when each virus species was analyzed independently (supplementary table S1, Supplementary Material online). This proliferation of lineage diversification corresponds to the timescale of the commercial use of genetic resistances in pepper crops of SE Spain (see below) and thereby suggests an effect of host resistance in the population dynamics of pepperinfecting tobamoviruses. To further characterize this interaction, we analyzed the evolution of pathotype composition in pepper-infecting tobamoviruses. 
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Evolution of the Pathotype Composition of the Tobamovirus Population Infecting Pepper Crops in SE Spain
The evolution of the pathotype composition of the pepperinfecting tobamovirus population is shown in figure 3A (see also supplementary table S2, Supplementary Material online). The three pathotypes P 0 , P 1,2 , and P 1,2,3 were present in the tobamovirus population since the start of the study. Significant variation with time in pathotype frequency was found for P 0 and P 1,2 (v 2 ! 34.23, P 1 Â 10 À4 ) but not for P 1,2,3 (v 2 5 14.52, P 5 0.105). Pathotype P 1,2 isolates prevailed from 1984 until 1998 (v 2 ! 13.69, P 1 Â 10 À3 ), with frequencies above 80% between 1986 and 1995, which decreased sharply after 1998. The frequency of P 0 isolates decreased since 1984, to disappear from the samples in 1991. P 0 isolates were collected again in 1996, and their frequency increased afterward until becoming the prevalent pathotype at the end of the analyzed period (v 2 5 7.00, P 5 3 Â 10 À2 ). Pathotype P 1,2,3 isolates made always a smaller fraction of the population, with frequencies below 20% in most sampled years. The analysis of differences between pairs of years in each pathotype frequency confirm these results (data not shown). Significant changes in pathotype composition were detected after 1998 and after 2002 (v 2 ! 6.5, P 0.038).
The Bayesian analysis of the population dynamics of TMGMV (pathotype P 0 ) and PMMoV (pathotypes P 1,2 and P 1,2,3 ), using the concatenated sequences of the RdRp and the CP, revealed no significant increase of effective population size for either TMGMV or PMMoV during the last 25 years ( fig. 4) , although there was some tentative evidence for a trend toward increasing population size in both species. Interestingly, this possible increase occurred around 20-25 years ago for PMMoV and around 10-15 years ago for TMGMV, in parallel with the increase in frequency of P 1,2 and P 1,2,3 , and P 0 isolates in the virus population, respectively.
The evolution of the pathotype composition of the tobamovirus population was analyzed in relation to the genetic composition of the pepper crop. Figure 3B (see also supplementary table S3, Supplementary Material online) presents the temporal variation of the relative surface grown with pepper cultivars carrying the different L alleles. Cultivars carrying the L 1 allele were introduced in 1980 to control P 0 isolates and by 1984 they made more than 70% of the crop, what was so until about 1990. Acreage of L 1 cultivars decreased afterward, as they did not protect against the prevalent P 1,2 pathotype. 
FIG. 4
Bayesian skyline plots from the concatenated RdRp/CP data set of TMGMV-infecting pepper crops (pathotype P 0 , top) and PMMoV (pathotypes P 1,2 and P 1,2,3 , bottom)-infecting pepper crops in SE Spain. The x axis represents ybp, and the y axis the relative genetic diversity expressed as N e s (the product of the number of reproducing individuals and the generation length in years). The black line indicates the mean estimates at each time point, and the dotted lines delimit the 95% HPD interval for these estimates.
Diversification and Pathogenicity Costs in Plant Viruses · doi:10.1093/molbev/msq327 MBE Because the protection conferred by the L 2 allele is weak and much temperature dependent (Boukema 1980 ) and because the P 1,2,3 pathotype was present in the virus population, allele L 3 was of little use, so that varieties incorporating these two resistance factors were never common: Allele L 4 was bred into new varieties that were available since 1990, however, the earlier L 4 cultivars had poor agronomic performances, so that for some years growers returned to older, highly productive, susceptible L þ /L þ cultivars, which increased their share of the crop until 1995. Afterward, new highly productive and marketable L 4 cultivars increased quickly in acreage and made most of the crop after 2004, what resulted in a marked reduction of tobamovirus incidence, which was limited to small outbreaks, mainly in susceptible cultivars. Significant variation with time in the relative surface grown was found for all the pepper cultivars monitored (v 2 ! 58.6, P 1 Â 10 À4 ) when the data in figure 2B were analyzed. Interestingly, significant correlations between relative surface grown with a cultivar in a given year and pathotype frequency in the following year during the period 1983-2000 were found for L þ /P 0 (r 5 0.68, P 5 0.022) and L 1 /P 1,2 interactions (r 5 0.85, P 5 0.012). When the period analyzed was extended until 2004, this correlation disappeared for L þ /P 0 (r 5 0.13, P 5 0.804) and was reduced for L 1 /P 1,2 (r 5 0.78, P 5 0.007). This suggests that the 2003-2004 data might be random noise, perhaps due to the reduced sample of the virus population. However, overall our results show a consistent trend. Because both P 0 and P 1,2 isolates infect L þ /L þ cultivars, but only P 1,2 isolates infect L 1 cultivars, the decrease in P 1,2 isolate frequency following the decrease of L 1 relative surface, and the increase in P 0 isolate frequency following the increase of L þ /L þ surface, strongly suggests a lower fitness of P 1,2 isolates relative to P 0 ones in susceptible L þ /L þ cultivars. In addition, because P 1,2,3 isolates also infect both L þ /L þ and L 1 cultivars, as P 1,2 does, their continued low frequency strongly suggests a lower fitness than P 0 and P 1,2 isolates. These hypotheses were tested experimentally.
Estimation of Relative Fitness for Pathotypes P 0 , P 1,2 , and P 1,2,3
Multiplication rates of tobamovirus isolates belonging to pathotypes P 0 , P 1,2 , and P 1,2,3 were analyzed in plants of a L þ /L þ (susceptible) pepper cultivar. Virus RNA accumulation was quantified in systemically infected leaves at 10 dpi, as a proxy to multiplication rate. The experiment involved 6 P 0 isolates, 20 P 1,2 isolates, and 4 P 1,2,3 isolates (table 2) . One-way ANOVA of the RNA accumulation data in table 2 showed that this trait differed according to pathotype (F 132,2 5 18.05, P , 10 À5 ), accumulation of P 0 being higher than accumulation of P 1,2 or P 1,2,3 , which were similar (P , 0.05 in a Bonferroni test) (table 2). Thus, virus accumulation in single infection of the susceptible host indicates a higher fitness for P 0 isolates than for P 1,2 or P 1,2,3 isolates but did not reveal a fitness penalty for pathotype P 1,2,3 relative to P 1,2 . Importantly, virus accumulation did not significantly vary among years for P 0 and P 1,2,3 (F 22,4 5 1.77, P 5 0.181; F 25,3 5 0.29, P 5 0.836, respectively) and was higher for the 1994 isolate than for the rest for P 1,2 (F 68,13 5 3.87, P , 1 Â 10 À3 ). Thus, relative withinhost fitness is not generally affected by sampling date.
The relative fitness of the three pathotypes in the susceptible host was further estimated as competitive ability in a mixed infection experiment in which five isolates belonging to pathotypes P 0 and P 1,2 and three isolates of pathotype P 1,2,3 were coinoculated with isolates of the other two pathotypes. Each isolate of a pathotype was coinoculated in binary combinations with two isolates per each of the other two pathotypes, which were chosen randomly with the restriction that each isolate should be included in two binary combinations. Plants were coinoculated with similar effective inoculums concentrations of each isolate. For this, rather than using equal concentrations of virus particles, inoculum doses were adjusted to be similar according to data from an infectivity assay in which the number of nll induced in Xanthi-nc tobacco plants at different inoculum dilutions were quantified (not shown). As controls, plants inoculated by each isolate in single infection and mock-inoculated plants were A two-way ANOVA using pathotype (P 0 , P 1,2 , and P 1,2,3 ) and type of infection (single or mixed) as factors showed significant effects of both factors on virus accumulation (F 505,2 5 144,23, F 505,1 5 19.82 for pathotype and type of infection, respectively, P , 10 À5 for both factors), the interaction between both factors also being significant (F 505,2 5 5.61, P 5 0.004). One-way ANOVA showed significant differences in accumulation according to pathotype (F 99,2 5 12.94, P , 10 À5 ), accumulation in the single-infection controls of P 0 being higher than accumulation of P 1,2 and P 1,2,3 , which was similar (P , 0.05 in a Bonferroni test). Type of infection, that is, coinfection with isolates of another pathotype, affected virus accumulation in an asymmetric way. One-way ANOVAs performed for each pathotype taking class of infection (e.g., P 0 , P 0 þ P 1,2 , P 0 þ P 1,2,3 , etc) as factors, indicated that coinfection with pathotypes P 1,2 or P 1,2,3 did not affect the accumulation of pathotype P 0 (F 181,2 5 0.25, P 5 0.778). However, coinfection with pathotypes P 0 or P 1,2,3 resulted in a reduction of pathotype P 1,2 accumulation as compared with single infection (F 177,2 5 11.26, P , 10 À5 ), this reduction being more severe in coinfection with P 0 than with P 1,2,3 (P , 0.05). Similarly, coinfection with pathotypes P 0 and P 1,2 reduced the accumulation of pathotype P 1,2,3 as compared with single infection (F 147,2 5 53.54, P , 10 À5 ), the reduction being more severe in coinfection with P 0 than in coinfection with P 1,2 (P , 0.05). Two-way ANOVAs for virus accumulation within each pathotype using type of infection and isolate as factors showed no significant interaction between these two factors (F 2.71, P ! 0.059), indicating that the differences between types of infection do not vary depending on the isolate. Results did not vary when data were analyzed by nested ANOVAs, neither with isolate nor with type of infection nested to pathotype (not shown). Thus, coinfection resulted in asymmetric interference with virus accumulation, so that the degree of interference was inversely related to pathogenicity: the presence of the less pathogenic pathotypes interfered more severely with the accumulation of the more pathogenic ones than the other way around.
Competitive ability (c) in mixed infection was calculated according to tln(c) 5 ln(I t /J t ) À ln(I 0 /J 0 ) (Hartl and Clark 1997) , where I t , J t , I 0 , and J 0 represent the frequency of pathotypes i and j at times t and 0, respectively. Because in mixed infected plants isolates were inoculated at equal infectivity I 0 /J 0 5 1, and for simplicity, t may be equated to 1, from the accumulation data in table 2, and using the above expression, it resulted that pathotypes P 1,2 and P 1,2,3 had competitive abilities that were 0.083 and 0.002, respectively, relative to pathotype P 0 , and pathotype P 1,2,3 had a competitive ability of 0.470 relative to pathotype P 1,2 .
Discussion
Over the last 50 years, considerable effort has been dedicated to understanding the evolution of pathogenicity in plant-parasite interactions that conform to the GFG model, in which host-pathogen compatibility is determined by R genes in the host and AVR genes in the pathogen. The issue is relevant for understanding host-pathogen coevolution and has an additional applied interest, as it determines the capacity of pathogen populations to overcome the protection conferred by resistance factors bred into crops and, thus, the durability of resistance (Leach et al. 2001; McDonald and Linde 2002; García-Arenal and McDonald 2003; Janzac et al. 2009 ). The use of resistance factors bred into cultivars is a preferred strategy for managing crop diseases and the only direct and effective strategy for the control of viral diseases (Khetarpal et al. 1998) . Because pathogenicity and resistance, respectively, limit the host and pathogen fitness, AVR and R genes are targets for selection, and the increased frequency in the host population of R will result in a pressure for AVR evolution. The possibilities of AVR to respond to this selective pressure will depend on associated fitness Diversification and Pathogenicity Costs in Plant Viruses · doi:10.1093/molbev/msq327 MBE penalties (Sacristán and García-Arenal 2008; Tellier and Brown 2009; Fraile and García-Arenal 2010) . In addition, in GFG systems, fitness penalties for resistance in the host and for pathogenicity in the pathogen are a necessary condition for nontrivial equilibria in R and AVR frequencies in the host and pathogen populations, respectively (Leonard 1977; Frank 1994 Frank , 2000 Agrawal and Lively 2002; Tellier and Brown 2007) .
In this study, we analyze the effects of changes in the frequency of R in the host population on the evolutionary dynamics of the targeted pathogens, and test if evolution of AVR genes is under positive selection or constrained by fitness penalties. For this, we analyze the changes in genetic diversity of the virus populations over time, the molecular signatures for evolutionary patterns in AVR genes, the dynamics in the pathogen population of AVR frequency, and experimentally estimate the relative fitness of different virus genotypes under controlled conditions. The first evidence of a potential effect of resistance alleles at the L locus on the evolution of pepper-infecting tobamoviruses comes from estimates of evolutionary rates and timescaled phylogenetic analysis. Molecular clock estimates indicate that the diversification of pepper-infecting tomabovirus has progressed toward increased pathogenicity, pathotype P 0 being older than P 1,2 , and this one in turn older than P 1,2,3 . Although not all the pathotypes belong to the same virus species, this sequential divergence would be expected under a GFG model of host-pathogen coevolution. Nucleotide substitution rates for the sampled tobamoviruses during the last three decades were high, similar to those reported for most RNA viruses (i.e., 1 Â 10 À4 subs/site/year) (Duffy et al. 2008; Gibbs et al. 2010 ) and much higher than previous estimates for tobamoviruses (of about 1 Â 10 À8 subs/site/year) (Gibbs 1980; Gibbs et al. 2010) . This difference might be indicative of changes in the selection pressures acting on the pepper-infecting tobamovirus populations in SE Spain over the last 30 years. Because this time frame also overlaps with the introduction and large-scale deployment of L genes in pepper cultivars in SE Spain, our results are compatible with an effect of deployment of resistance genes on the evolution of pepper-infecting tobamoviruses. The low dN/dS observed indicates that the increase in the number of virus lineages during the last 30 years can be mostly attributed to silent mutations, and the increase in dN/dS toward the present is indicative that these are transient polymorphisms. Both effects are suggestive of strong functional constraints on genetic variation. Indeed, both the AVR gene, encoding for the virus CP, and the RdRp gene, unrelated to resistance breaking, were under purifying selection, and no amino acid positions were found to be under positive selection. In addition, dS values indicated that overall genetic diversity in the tobamovirus populations is relatively low, which is supported by the reduced number of variant nucleotide sites between P 1,2 and P 1,2,3 . In this regard, constraints observed in the AVR gene (CP) of the most pathogenic pathotype P 1,2,3 , stronger than in its RdRp gene or in the CP of the other two pathotypes, are compatible with the existence of pathogenicity-associated fitness penalties. The two main conclusions derived from these, that is, the high evolutionary rate experienced by the CP of pepper-infecting tobamoviruses and the strong purifying selection observed on this gene, seem to be contradictory. However, because estimation of substitution rates takes into account mutations fixed at both synonymous and nonsynonymous positions, high evolutionary rates might be reflecting mainly the rates of fixation at synonymous sites. This would agree with the difference of one order of magnitude between nucleotide and amino acid evolutionary rates found in various tobamoviruses (Pagán et al. 2010) .
Field data on the frequency in pepper-infecting tobamovirus populations of isolates belonging to pathotypes P 0 , unable to overcome any resistance factor or to pathotypes P 1,2 and P 1,2,3 , which overcome resistance genes L 2 and L 3 , respectively, were compatible with pathogenicity-associated fitness penalties: the frequency of pathotype P 1,2 decreased in the virus population when its specific pathogenicity was unnecessary ( fig. 3) . Loss of unnecessary pathogenicity from pathogen populations has been taken as evidence of fitness penalties for pathogenicity in several reports on phytopathogenic fungi and oomycetes (Leach et al. 2001; Sacristán and García-Arenal 2008) . In addition, the low frequency of pathotype P 1,2,3 isolates as compared with P 1,2 , regardless of the genetic structure of the host population, strongly suggests a fitness penalty for its specific pathogenicity. The population dynamics of the PMMoV pathotypes (P 1,2 and P 1,2,3 ) are compatible with a trend toward increased genetic diversity (effective population size) co-occurring with the increase in the use of the resistance allele L 1 , although there is a sampling error in the Bayesian skyline plots. There was also an increase in relative genetic diversity of the P 0 pathotype that corresponded with the increase of land area cultivated with susceptible pepper varieties. These results also suggest pathogenicityassociated fitness penalties because higher genetic diversity of the more pathogenic pathotypes seems to be favored in the presence of resistance alleles but not when most of the host population is susceptible. We can speculate that this may be the result of relaxed selective pressures, as this increase is mostly due to transient polymorphisms in the virus populations, triggered by the extinction of P 0 in the case of resistance-breaking pathotypes or to low frequency of host resistance genotypes in the case of P 0 .
Fitness penalties were experimentally confirmed. Multiplication rates in single-infected susceptible hosts were significantly higher for P 0 isolates than for P 1,2 or P 1,2,3 isolates, the relative fitness of each pathotype not varying with time (table 2) , and in competition experiments, pathotype P 0 isolates efficiently outcompeted both P 1,2 and P 1,2,3 isolates (table 3) . These results are compatible with fitness penalties associated with the increased pathogenicity of pathotypes P 1,2 and P 1,2,3 . However, these results do not prove that the lower relative fitness of pathotypes P 1,2 and P 1,2,3 versus P 0 is due to their increased pathogenicity because the analyzed isolates of pathotypes P 0 were TMGMV isolates, Fraile et al. · doi:10.1093/molbev/msq327 MBE whereas those of P 1,2 and P 1,2,3 pathotype were PMMoV isolates. TMGMV and PMMoV differ in more than 34% of nucleotide positions in all genomic regions. Multiplication rates of pathotypes P 1,2 and P 1,2,3 did not differ in single-infected hosts, but competition experiments revealed that the relative fitness of P 1,2 was about twice that of P 1,2,3 , again in agreement with their observed dynamics in the virus population. Isolates of these two pathotypes belong to the same virus species, and it has been reported that the mutation M138N in the CP amino acid sequence is sufficient for a P 1,2 isolate to become a P 1,2,3 isolate (BerzalHerranz et al. 1995) . Because all analyzed P 1,2,3 isolates had an N at position 138, whereas all P 1,2 isolates had an M, the lower relative fitness of P 1,2,3 isolates is associated with this pathogenicity determinant. However, P 1,2 and P 1,2,3 isolates cluster separately regardless of the genome region analyzed, either the CP gene or the RdRp gene, which is unrelated to pathogenicity on L genes. Thus, our data do not show that the lower fitness of pathotype P 1,2,3 isolates is due to a pleiotropic effect of the mutation leading to increased pathogenicity, although they are compatible with this hypothesis.
Therefore, combined our results show that fitness penalties are associated with increased pathogenicity on L genes and may constrain the evolution of pepper-infecting tobamoviruses. Fitness penalties may explain the long-term evolution of the virus populations. An important result is that the relative fitness of the three pathotypes were highly different, about twice for P 1,2 relative to P 1,2,3 and orders of magnitude higher for P 0 than for P 1,2 and P 1,2,3 . High fitness penalties of pathogenicity may be a general trait for plant RNA viruses. Differences in relative fitness similar to those reported here for P 1,2 and P 1,2,3 pathotypes (of about 0.5) can be estimated from data of competition experiments involving engineered single-site mutants of Turnip mosaic virus pathogenic or nonpathogenic on the resistance genes TuRB01 and TuRB04 of rape and of Potato virus Y on Pvr4 resistance of pepper (Jenner, Tomimura, et al. 2002; Jenner, Wang, et al. 2002; Janzac et al. 2010) . High fitness penalties associated with increased pathogenicity may also be inferred for other plant viruses from indirect evidence (Murant et al. 1968; Hanada and Harrison 1977; Culver et al. 1994; Mestre et al. 2003) . This is in sharp contrast with reports on plant pathogenic fungi, which provide inconclusive evidence on pathogenicity costs (discussed in Sacristán and García-Arenal 2008, but see Thrall and Burdon 2003) . High fitness penalties might be one of the causes of the higher durability of resistance factors bred into crops for the control of viral diseases than for the control of fungal diseases (McDonald and Linde 2002; García-Arenal and McDonald 2003; Janzac et al. 2009 ). The high fitness penalties of pathogenicity for viruses could be explained by the nature of their genomes, which are small, encode for few, multifunctional, proteins, have high epistatic interactions, and point mutation result in high fitness effects (Sanjuán and Elena 2006; Sacristán and García-Arenal 2008) . The high costs of pathogenicity reported here are in strong contrast with the low values (,10%) assumed by analytical models for coevolution of GFG systems and required for their solution (e.g., Tellier and Brown 2007) . Our results stress the need to explore how high pathogenicity penalties would affect host-pathogen coevolution, if theoretical models are to provide realistic predictions on the evolution of plant-virus systems.
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